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SUMMARY

A methodispresentedfordecidingwhetherjet-enginecompressor
bladesthathavebeennickedin serviceare safefromfatiguefailure
withcontinuedengineoperation.Thismethodinvolvesdeterminingthe
vibratorystressdistributionofthebladesneartheleadingad trailing
edges,andfatiguetestinga numberofbladeswithdamageinflictedin
thelaboratory.A curveoflimitvibratorystress(highestvibratory
stressforsafefatigueoperation)againstdamagelocationis charted.
Themaximum-vibratory-stresslevelofthebladein theengineisalso
shownonthischartandis compsredwiththel~t vibratorystresses.
Fromthiscurvethem~ safevibratorystress,orthestressatwhich
no nick-damagedbladewouldbe indsmgeroffailureby fatigue,canbe
determinedfortheseblades.

Predictedlimitcurvesfora bladefroma specificcompressorrotor
werecheckedagainsttheresultsoffatiguetestingmanyoftheseblades
withnicksontheleadingandtrailingedgesovera widerangeof span
locations.Ingeneral,thefatiguetestdatawerefoundtobe on the
conservativesideofthepredictedlimitcurveswiththeworstfatigue
dataclosetothesecurves.Themethodwasthusjudgedtobe a realistic
criterionforinspectingdamagedblades.

Inaddition,somewaysofreworkingbladeswithedgenickswere
studied.Fortheparticularbladesusedinthisinvestigation,thein-
creaseinthefatiguestrengthof thedamagedbladesduetoreworkingwas
foundtobe appreciable.

INTROIXJCTION

Theprimarypurposeofthisinvestigationwasto evolvea criterion
forjudgingwhena setenginemustbe torndownforcompressorbladere-
placementbecauseofbladelifeimpairmentresultingfromforeign-object
damage.Indecisionariseswhenthebladesin a $etenginehavesuffered
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slightdamageorwhenonlya fewbladesintheenginehavebeendsmaged.
Intheabsenceoffactualdata,thenaturaltendencyindraftinginspec-
tionspecificationsistobe cautiousandrejectnearlyalldamaged
bladeswhenindoubt.

*

.

-.

As evidencethatthislackofdataresultsinmorebladereplacement
andreworkingthanisabsolutelynecessaryarethemanyengineswhere
bladedamageisfirstdiscoveredatnormaloverhaul;someoftheblades
intheseengineshaveundoubtedlyoperatedmanyhoursaftersustaining
thedamage.A goodbasisforinspectingbladescouldyrovidesubstantial
savingsofmoneyspenteveryyearforoverhaulingenginesandrejecting G
damagedbladesthateitherrepresentedno dangertotheaircraftor could

wo.
havebeenreworkedtoremovethedeleteriouseffectwithoutcompletedis-
assemblyoftheengine.Partofthiscostisduetothefactthatmany
axial-flowenginesaresoconstructedthatspecialpressesarerequired
to disassembleandreassemblethecompressorandthatthesepressesare
usuallyfoundatonlya fewmajoroverhaulbasesinthecountry.

d
Ifthesafetyofthecrewandaircraftistobe weighedintelli-

gentlyagainstthecostofrejectingorreworkingdamagedblades,there
mustbemoreaccurateinformationavailablethanthatincludedinthe

“

presentinspectionspecifications.Thisinformationshouldgiverecog-
nitiontothefatiguestrength,nicklocation,andnotchsensitivityof
thebladematerialandtothevibratorystresslevelofthebladesduring
engineoperation.Sincemostcompressorbladematerialsarerelatively
ductile,nickswouldhaveno stress-raisingeffectonthesteady-state
stressesand,ifnovibrationswerepresent,wouldnotadverselyaffect
thelivesoftheblades.Evenmoderatetitrationsmightnotbe dangerous
to damagedbladesiftheendurancelimitofthebladematerialishigh
andthenotchsensitivityislow.

Theinvestigationreportedhereinwasdesignedtodevisean econom-
icalmethodby whichthefatiguestrengthsofnickedbladescouldbe de-
terminedandcomparedwiththemaximum-vibratory-stresslevelmeasured
forthebladesintheengine.Sucha methodwouldtakeintoaccountthe
location,size,andstress-concentrationeffectofthedamage,andthe
fatiguestrengthofthematerial.Experimental.workincludedstrain-gage
measurementsofthevibratorystressdistributionintheblades,labora-
toryinflictionofnickdamageonbladeedges,andfatiguetestingof
theseblades.Onthebasisoftheexperimentalresults,a limit-
vibratory-stresschartforthedamagedbladeswasconstructed.As a cor-
ollaryofthiswork,somemeansofreworkingnickedbladeswerestudied.

w
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Themethodofpredictingdamagedbladestrengthwasverifiedby.
fatiguetestingfirst-stagecompressorrotorbladesfroma widelyused
axial-flowengine.

Specificterms

DEFINITIONS

usedinthisreportsredefinedasfollows:

Critical-edgelocation locationofmaximumvibratorystressalong—

Criticalpoint

Limitstress

Iocalstress

Nominalstress

Safevibratorystress

Stressconcentration

edgeofanundamagedblade.

locationofmaximumtibratorystressin an
undsmagedblade.

-mum-vibratory-stresslevelatwhichthe
bladecanberunwithoutfailingatany
givendamagelocationfora desirednum-
berof cyclesof vibration.Thisstress
willalwaysbe measuredatthecritical
pointforpresentreport.

peskvibratorystressat damagelocation.

vibratorystressat a damagelocationthat
wouldexistifdamagewerenotpresent.

maximumvibratorystressatwhicha blade
willnotfailata givennumberof cycles,
regardlessofwhereit isdamaged;also
thelimitstressfortheworstdamage
location.Thisstresswillalwaysbe
measuredat
entreport.

factor locsldivided

thecriticalpointforpres-

by nominalstress.

BASISOFMETEOD

At firstconsideration,thequantitativedeterminationoftheeffect—
ofbladedamagemightappeartoinvolvea largeamountof testing,since
thetype,shape,andlocationofthedamageshouldbe included.Fortu-
nately,reasonableassumptionscanbemadetoreduceenormouslytheamount

b oftestinginvolvedandstillproducesatisfactoryevaluationswithre-
specttoengineering.

. A firstsimplificationistolimitthestudytonicksthatoccuronly
ontheleadingortrailingedges.Reference1 reportsthatsmydamageon
thepressuresurfacesawayfromtheedgesdidnotadverselyaffectthe
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fatiguelife.Thisfactisprimarilyduetothelowervibratorystresses
onthepressureface,whichis closertotheneutralaxisforbending
vibrations(becauseofthebladecamber)thanaretheedgesorhighcam-
berregionofthesuctionface.Damageonthesuctionsurfacesisex-
tremelyrare.Dentsarenotconsideredhereinbecause,althoughtheydo
affectthefatiguestrength,itwasfoundinreference1 thatdentscan
be straightenedandmostofthelostfatiguestrengthrestored.

A secondsimplificationisto selecta standerizednickforevalua-
tionofdamage.Whilethetypeofnicksencounteredinpracticevary
considerablyinshape,depth,and&ggedness,thepretiousinvestigation
(ref.1)hasindicatedthatthesefactorsareofsecondaryimportancein
affectingthefatiguestrengthofthebladeoncea reasonablesizeof
nickhasbeeninflictedontheblade.Forexample,thestress-
concentrationfactorduetothenickswasfoundtovarylittlefordepths
rangingfrom0.030to0.100inch. Itisnotpracticalto studylarge
nicks,sincetheimpactenergyneededtoproducethemislikelyto cause
instantaneousfailureofthebladeintheengine,orattheleasttode-
formthebladetosuchanextentthatitmustbe replacedbecauseof
aerodynamicconsiderations.Thisinvestigationwasconfinedtosmall.
nicksup toa l/16-inchdepth,sincethesenicksarethemostcomnontype
offoreign-objectdamagetoblades.

A thirdsimplificationarisesbecausea nickofa givenshapewill
producethesamestressconcentrationata particularstress,regardless
ofthelocationalongtheleadingortrailingedge.Inmostcompressor
blades,therewillbe a sizeeffectduetothetaper,butthiseffect
shouldbe small.Thus,ifthedsmagingeffectofa nickisevaluatedat
onepointalongtheleadingedge,itseffectatanotherpointcanbe de-
terminedfroma considerationofthenominalstressesatthetwopoints
whenthebladeisvibratingata giventipamplitude.Inpractice,in-
steadofmeasuringthetipdeflection,thestressat thecriticalpoint
necessarytoattainthistipdeflectionwillbemeasured.An integral
parteftheprogram,therefore,involvesanexperimentaldeterminationof
thenominal-vibratory-stressdistributionalongtheleadingandtrailing
edgesandtherelatingofthesestressestothecriticalpoint.

Onthebasisoftheforegoingassumptions,itfollowsthata rela-
tivelysmallamountofexperimentalevaluationoftheeffectofnicksin
a singlelocation,coupledwithananalyticalextensionoftheseresults,
cancompletelypredicttheeffectsonbladefatiguelifeofnicksatany
edgelocation.First,however,a criterionnumtbedeterminedfortelling
whetherornota bladeisdamagedby thepresenceofa nick. Inmostcom-
pressorblades,thenormalpointoffailureoffreelyvibratingblades
withoutnicksisonthesuctionsurfaceat a pointofmaximumcamber.
Thus,whilea nickatthislocationwouldalwaysbe deleterioustothe
lifeoftheblade,-nicksthatoccurinotherlocationswouldnotbe dam-
agingifthebladecontinuedtofailatthecriticalpoint.Onlyifthe

.
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stressconcentrationofthenickcausesthelocaltibratorystressto.
exceedthetibratorystressneededforfailureat thecriticalpointin
anundsmagedbladeundertheseineexcitingforcewouldfailureresultat
thenickandtherebydemagetheblade.Ifthenickisin sucha location
that,eventithitsstressconcentration,theresultinglocalstress
undervibrationis stilllowerthanthatat thecriticalpoint,thereis
noneedtorejectthebladebecauseofthepresenceof thenick.

Thebasisusedinthis~eportforevaluatingthedamageeffectof
nicksisa chartthatessentiallydifferentiatestheregionsoftheblade
wherenickscancauseprematurefailurefromthoseregionsinwhichthe
presenceofnickswouldnotaffectthebladelife. Formostapplications
thechartswillbe designedforthebladetowithstandan infinitenumber
of cyclesof vibration,sinceinthemajorityof engines,particularly
formannedaircraft,thebladewillattain107cyclesbeforethefirst
overhaul.Forthebladesstudiedinthepresentreport,onlyan infinite
bladelifewasconsideredin constructingthecharts.Thecurvesobtained

& thusfarsreindependentof thevibratorystressesatwhichtheblades
operateintheengine.Thevibratoryconditionsin theenginenoware
comparedwiththedamagecurvesfromthelaboratoryfatiguetestsand,.
onthebasisof thecomparison,thedecisionto acceptorrejectthe
bladesismade. Thefatiguestrengthof thebladescansometimesbe in-
creasedby reworkingthenicks;forthesecasesnewcurvescanbe con-
structedby thesameprocedure.Usuallythemostcriticalmodeof tibra-
tionin compressorsisfirstbending,andthebladesusedinthisinvesti-
gationwerevibratedinthismode. It ispossiblethatin somecasesthe
modeinwhicha bladebasitsmostcriticalvibrationsin an engineis
otherthanfirstbending.Thiswillnotaffectthemethodreported
hereinas longasthebladesarevibratedunderthessmeconditionsinthe
laboratory.

No tensileloadssimulatingthesteady-statestressesintheengine
wereaddedinthevibrationtests.At thespeedsat whichthemaximum
titrationsnormallyoccurinengines,thesteady-statestressesarelow.
Theeffectofthesteady-statestressesonthefatiguestrengthistaken
intoaccountby meansofa Goodmandiagrsm{ref.2).

USEOFLIMITC?.IARTS

Theftnalresultofthismethodis a chartshowingthemaximum
allowabletibratorystressesatvariousspanlocationsalongthelead-
ingandtrailingedgesfora rangeofnickdepth.As an example,a
chartis shownin figure1 tithtwolimitcurves.Curve1 isforblades

- nickedattheedges; curve2 isforthesamenicksreworked.Thehori-
zontallinesrepresenthypotheticalmaximum-vibratory-stresslevelsmeas-
uredatthecriticalpointoftheairfoilsina vibrationsurveyof the

d engineconductedunderthemostsevereengineoperatingcondition.These
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stressesshouldbebasedon themostsevereofthevibratorysurveysof
fourorfiveenginesofthesamemodel,sincethereislikelytobe some
variationamongengines.Thetibrationsurveyscouldbe runeitherby
theenginemanufactureror themajoroverhaulbases.

Theuseofthelimitchsrtscanbe illustratedfromfigure1. If
A isthevibratorystresslevelthatthebladesreachinengineopera-
tion,aninspectorcouldpasssafelyaKlthedamagedblades,sincethe
lineisbelowbothcurve1 and2. ForvibratorystresslevelB, he
wouldrequirereworkingof allbladeswithdamageintherangebetween
locationsv and w on curve1 andwouldpassallotherswithoutre-
working.Forvibratorystresslevel C!,hewouldreJectallblades
damagedbetweenlocationsx and y, sincetherewurklimitcurvefalls
belowthelineinthisregion.Betweeny and z the damageCm be
reworked,andbeyondz thedamagedbladesshouldbe acceptedwithout
reworking.Thechartscanbefurtherrefinedbyhavingtwosetsoflimit
curves:onefornormallongtimeengineoperationandtheotherfor
shorttimeoperationundercertainemergencyconditionssuchasin a com-
batzonewhere,in theinterestsofmaximumutilization,higherblade
stressesfora shortperiodoftimecanbe tolerated.

PROC!XDUREFOROBTAININGLIMITCURVE6

Thestep-by-stepprocedureforobtaininglimitcurvesisdescribed
asfollows:

(1)Findthelocationofthemaximumvi.bratorystressintheun-
damagedairfoilby vibratingseveralbladestofailure.Themaximum
stressorfailurelocationwillbe knownas thecriticalpointthroughout
thisreportand”,exceptforthenominalandlocalstressesatthenick,
allstresslevelswillrefertothispoint.Anyotherpointcouldactu-
allybe usedasa reference,butthecriticalpointwaschosensinceit
isthemostinformativeto theengineer.

(2)Mounta straingageonanotherundamagedbladeat thecritical
pointandmeasurethestressesfordifferenttipamplitudesofvibration.
Plota curveoftipdeflectionagainstvibratorystress.Fromthiscurve
thevibratorystresslevelforanyotherbladecanbe closelyapproximated
merelyby measuringthebladetipdeflection.

(3)Mounta seriesof straingagesspanwise,as showninfigure2,
onboththepressureandsuctionfacesas closetotheleadingandtrail-
ingedgesaspossible.Measurethevibratorystressdistributioninthe
spanwisedirectionattheedgesforanytipdeflection.Theseedge
stresseswill,henceforth,be ca13.ednominalstresses.Theratioofthe
nominalstresstothestressat thecriticalpointisthenplottedagainst
spanwiselocation.Thisstressdistributionwillremainthesaneaslong

.

.

—

—

*“

--

e

.



NACATN 4324 7.

asthestressat everylocationiswithintheelasticrange.Therewill.
be twocurves(pressureandsuctionfaces)foreachof theedges;only
theonethatgivesthelargeststressesforeachedgewillbe used.

(4)Fromthenominalstresscurvesof step3, theedgelocation
wherethelsrgestvibratorystressoccurscanbe determined.Nicks
shouldbe inflictedat thislocationtoa reasonabledepth(greaterthan
0.020in.).Thesebladesarethenfati~etestedat variousbladetibra-
torystresslevels(asmeasuredatthecriticalpoint),anda curveis
drawnat thelowerlimitofthescatterinordertosnow fortheworst
possibleconditions.Thefatiguelimitor safestresslevel,atwhich
thebladewi~ notfail,istheflatportionof thiscurve.Inthepres-
entinvestigationthebladeswerefatiguetestedto108cyclesbefore
testswerediscontinued,ifthebladeshadnotfailedinthattime.

(5)Plota chartoflimitstressagainstlocation,witha linerep-
resentingthemaximumvibratorystressthatthebladewillexperiencein

k theenginedrawnhorizontallyacrossthegraph.Theequationforthe
limitstressis:

.

where

%mit,x

%.imit,x= %mit, e

limitvibratorystress(measured
fornickat anylocationx

(1)

at criticalpoint)

‘limit,e limitvibratorystress(measuredat criticalpoint)
fornickat critical-edgelocation

F::a.‘r e at cr~tiCaWint
ratioofnominaltibratorystress(atlocationx
orat crttical-edgelQcation)tovibratorystress

Thisequationfollowsfromtheassumptionthat,ifthestress-
concentrationfactordueto thenickhasbeenevaluatedat onelocation
fora certainnominalstress,itmustbe thesameat anyothernickloca-
tionifthesamenominalstressisreached.Thus,thelimitstressfor
eachpointisa functionof thetipdeflectionrequiredto reachthat* nominalstress.Insteadofactuallymeasuringthetipdeflection,the
stressat thecriticalpointforthatdeflectionisbeingmeasured.The
ratioofthelimitstressesforthetwonicklocationsismere~ the
ratiooftherespectivestressesat thecriticalpointrequiredto give
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. thesamenominalstressat
%imit,e foraninfinite

eachnicklocation.
bladelife)isfound
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.

Thesafestresslevel
fromstep4 and .

Insomecasesitmightbe desirabletohavelimitcurvesbasedona
finitebladelife,thatis,somenumberof cyclestofailuretotheleft
of thekneeof the S-I?curveplottedfromthedatafromstep4. Equa-
tion(1)willstillapplyforthiscaseexceptthat SIMt,e~ instead $

ofbeingthesafestresslevel,willbe thevibratorystressthatwill
o

givethefinitebladelifethatisrequired.

(6)Repeatstep4 forreworkeddamage.Thereworkingcanbe accom-
plishedby filingouta generousradiusto thedeepestpenetrationof
thenickwithallcornersinthisnotchroundedoff. Thefiled-outarea .-

shouldbe finishedby polishing.Theremainderoftheprocedureisthe A
same;thereworklimitcurveshouldalsobe plottedonthelimitchart.

(7)Onthelimitchart,plotas a horizontallinethemaximum- .
vibratory-stresslevel(atthecriticalpoint)thebladesundergoduring
engineoperation,asdeterminedfromtibrationsurveysoftheengine
model.Thistibratorystress level shouldbe corrected,asexplained
later,fortheeffectofthesteady-statestressesonthefatiguestrength
ofthedamagedblades.Theintersectionpointsofthehorizontalline
withthelimitcurvesdetermineh whichregionsdamagecanbe tolerated.

APPARE!!rus

Thebladesusedtoverifythemethodweredesignedforuseinthe
firstcompressorrotorstageof thesameproductionjetengineconsidered
inreference1 andwerenew*en received.Thebladematerial.,whichhad
anaveragehardnessofRockwellC-21,was notthesameasthatusedfor
thebladesofreferencelj thechiefdifferencebetweenthetwomaterials
is inthefatiguestrengthandnotchsensitivity,bothbeinghigherfor
thebladesusedinthisinvestigation.The S-N curvefortheblade
materialusedherein,as determinedfromfatiguetestsofundamagedblades,
is showninfigure3.

Damagewasinflictedonthebladeedgesinthelaboratoryby shearing
materialoutto a desireddepthwitha “V’.@rikingheadattachedtothe
hsnmerofa pendulum-typeimpactmachine,sothatthebladewasstruckon
thefaceneartheedge.Themethodusingtheequipment_showninfigure4 —
simulatesverycloselytheactualmechanismofdamageto compressorblades -
fromforeignobjectsduringengineservice, —

.
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Thebladeswerefatiguetestedwiththepneumaticexcitersandre-
cordingappsratusdescribedinreference1. Tipdeflectionsofthevi-
bratingbladesweremeasuredwithan opticalcomparator.

RESULTSANDDISCUSSION

Thecriticalpointfortheundamagedbladeswasfoundtobe onthe
suctionsurfaceat thethickestpartof thecrosssectionata location
28.5percentofthespandistancefromthebase. Thedistributionof
vibratorystressesalongairfoilelements3/16inchfromtheedgesis
showninfigure5 innondimensionalform,wheretheratioof edgevibra-
torystress(nominalstress)tothetibratorystresslevelatthecrit-
icalpointisplottedagainstthespanlocation.Omlythepressure-face
curveswereusedintheremainderoftheinvestigation,sincethesegave
themaximumnominalstressesalongtheedges.Thehighestedgestress
was64percentof thetibratorystresslevel (asmeasuredatthecritical
point)andoccurred28.5percentofthespanwisedistancefromthebase
ontheleadingedge.

Nickswereinflictedat thecritical-edgelocationto depthsvsqing
from1/32to 1/16inch,therangeof depthbeingtheresultoflackof
controlin impactingtheblades.Theresultsoffatiguetestingthese
bladesareshowninfigure6. Inthisfigure,dataforbladesthatdid
notfailwhenfirstfatiguetestedandweresubsequentlyretestedat
higherstressesareshowninsolidsymbols.Forthesakeof speedingup
thefatiguetesting,it isprobablyadequateto stopthetestingat107
cyclesifa definitefatiguelimithasbeenreached,insteadof continuing
theteststo108cyclesasisnormallydonetoestablishfatiguelimits.
Sincethenaturalfrequencyofthesebladeswasabout200cyclespersec-
ond,only15hourswouldhavebeenrequiredtoreach107cycles,whereas
ittooknearlya weektoattainI@ cycles.

Theratherlargede~ee ofscatterinfigure6 showstheneedfor
testinga sufficientnumberofblades.A curveis drawnat thelower
limitofthescatter.Thefatiguelimitofthiscurve,orthessfestress
level,occursatapproxima.tely*23,000psi. Itisapparentthat,ifthe
vibratorystressesin thebladesduringengineoperationarealwayskept
belowthisallowabletibratorystressforthedamagedblades,therewill
notbe anydangeroffatiguefailure.Thevalidityofthemethodwas
checkedby inflictingnicksat otherlocationsonthebladesandfatigue
testingthemjtheresultswerecomparedwiththepredictedlimitstresses
fortheselocations.

Thelimitvibratorystressesforvsriouslocationsalongtheleading
andtrailingedgesof theairfoilweredeterminedfromequation(1)and
plottedin figure7 againstthelogof cyclestofailure.It canbe seen

. thatonly1 outof 68failuredatapointsinfigure7 fallsbelowthe

,
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limitlines,thedeviationbeing2 percent.Thevastmajorityofdata
pointsfellfarabovethelimitlines.Inadditiontothelocations
showninfigure7,a numberofbladesweredamagedatapproximately6.25
and73percentofthespanwisedistancefromthebaseatboththeleading
andthetrailingedges.Noneof thesebladesfailedinfatigueat the
nicks.Allfailuresstartednearoratthecriticalpointof theun-
damagedbladesandat combinationsofstressesandcyclesthatfe~ on
the S-N curveofthebladematerialinfigure3. Thelimitvibratory
stressforthe6.25-percentlocationcannotbe calculated,sincethe
stressdistributioncurvesof figure5 were‘notcarriedfarenoughandthe
curveschangetoorapidlyinthisregiontobe extrapolated.Forthe73-
percentlocation,thelimitstresswouldbe+63,000and~8,500psiat
107cyclesfortheleadingandtrailingedges,respectively.Sincethese
bladesfailedeffectivelyasundamagedbladeeathighstressesandlow
numbersof cycles,theywouldhaveactuallyfailedat=0,000psi(the
fatiguelimitfromfig.3) in107cycles.Onthebasisofthesefatigue
results,itwouldappearthatthelimitcurvesarea conservativebasis
forinspectingblades.

Theseriesoflimitvibratorystressescalculatedbymeansofequa-
tion(1)forvariousdamagelocations(asshowninfig.7)canbeplotted
as infigure8. Hereit isassumedthatthebladesmustundergoatleast
107cyclesofre eatedstressing,andthelimitstressesaretakenfrom

Pfigure7 for10 cycles.

Inordertoapplythelimitchartoffigure8 to engineoperating
conditions,themaximumvibratorystressthattheundsnagedbladeunder-
goesintheenginemustalsobeplotted.Themaximum-tibratory-stress
levelinthesebladesmeasuredunderengineoperatingconditionsina
staticteststandisreportedinreference3 as+16,000psi..Thisvalue,
however,wasmeasuredby a straingageonthesuctionsurfacenearthe
airfoilbase. Thisstresswouldcorrespondto~23j500psiforthe
maxhum-vibratory-stresslocationintheairfoil(thecriticalpoint).

To obtainthecorrectpointof intersectionbetweenthelimitcurve
andthemeasured-vibratory-stressline,the13.mitvibratorystressshould
be correctedfortheeffectofthesteady-statestressesby theuseofa
modifiedGoodmandiagram,as showninfi~e 9. Theultimatetensile
strengthusedintheconstructionofthediagramwasfoundby tensile
testinga specimencutfroma compressorblade.Theendurancelimitused
wasfoundfromfigure3. Thesteady-statestressesforthebladeused
(centrifugalandgasbending)arereportedinreference1 as15,400psi.
Themaximumworkingstressfromfigure9 isthen84,000psi. Theallow-
abletibratorystressfor”undamagedbladesnottofailis84,000- 3.5,400
psior+68,600psi. Thisrepresentsa 14-percentdecreaseat everyvalue
forthelimitcurvesoffigure8. Thesamepointsof intersectionbetween
thelimitcurveandthemeasured-vibratory-stresslinecanbe obtainedin
an easiermanner;however,by applyinga correctionto themeasured-
vibratory-stresslevelintheengineatthematimumstresslocationby
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dividingitby 86percentandkeepingthesamelimitstresses.Thus,the
maximumvibratorystressbasedonengineoperationbecomes&27,3C0psi.

Onthebasisoffigure8,foran e~ectedvibratorystressof
+27,300psi,allbladeswithedgenicksup to1/16inchdeep,up to50
percentofthedistancefromthebaseonthetrailingedgeand52lercent
ontheleadingedge,wouldbere~ected.Bladeswithnicksatallother
locationswouldbe accepted.

~ Theresultsoffatiguetestinga nuniberofbladeswithreworked
m+ nicksareshowninfigure10 andarecaqparedwiththefatiguetestsfor

unworkedbladesthatwerereplottedfromfigme 6. Thereworkedblades
showedan increaseinfatiguestrengthoverunworkedblades.Shotleen-
ingtheareaaroundthenicksprovedinferiortofilingthenickstoa
l/2-inchradius.Forthelimitedamountof testingdone,thesafevi.bra-

.!d0 torystressforthereworkedbladeswasroughlytwicethat fortheblades
s withunworkednicks.
-y
g Thelimitcurvesforreworkedbladesarealsoshowninfigure8.

Thereworked-bladelimitcurvewasbasedona safestresslevelof
+45,000psi(fromtheUniteddataavailable)fromfigure10 forthe
filedandpolishednicks.It canbe seenthatall.thebladeswithdsmage
at therejectlocationsoftheunworkedlimitcurvecouldbe reworkedto
makethemperfectlysafeforcontinuedengineoperation.No reworking
needbe donetodamagedbladesthatwouldhavebeenacceptedonthebasis
oftheunworked-bladelimitcurve,sinceunnecessaryreworkingisa waste
oftime,money,andmanpower.Thereworked-bladelimitcurveindicates
whenreworkingispracticable.Allreworkingcanbe doneon thefully
bladedco?qpressorwithoutdismantlingthecompressorandremovingthe
blades.Ifpartsof thereworklimitcurvearebelowthevibratorystress
line,allbladeswithdamageinthisregionshouldbe replaced.Theeffi-
ciencyofreworkingdsmageprobablydependslargelyon thebladematerial;
themorenotch-sensitiveit is,thegreaterwouldbe theimprovementin
fatiguestrength.

Itmustbe emphasizedthatthelimitchartmustbe redettinedevery
timea changeismadeeitherto thebladeshapeormaterial.Forcertain
nonferrousmaterials(suchas aluminum)thatgenerallyhaveno sharply
definedendurancelimit,thismethodwillnotbe applicable,sincein
thesecasestherecannotbe a definitesafestresslevelatwhicheither
nickedorunnickedbladeswouldneverfailinfatigue.Forthesemate-
rials,becauseoftheindeterminatefatiguelimit,nonickshouldbe
toleratedendanydamagedbladeshouldbe replacedforthecaseswhere
a longfatigue13feisrequired.Fora finitelife,thealternative

. methodattheendof step5 inthesectiononprocedurecanbe usedfor
thesebladematerials.
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C!ONCIUSIONS

.

.

A procedurehasbeenworkedoutfordrawingup limitchartsthatin-
dicatewhethera bladedamagedby foreignobjectsduringengineoyeration
shouldbe acceptedorrejected.

1.Onthebasisofexperimentalresultson compressorrotorblades,
themethodis judgedtobe a realisticcriterionforinspectingdamaged
blades.

2.Filingouttoa reasonableradiusandpolishingnicksinthe
bladesrestoredsomeofthefatiguestrength,althoughtheextentofthis
improvementprobablywouldvsxywiththebladematerial.Shotpeening
appearedtobe inferiortofilingas a meansofreworkingnicks.

3. Ifthemsximumvibratorystressmeasuredforthebladeinthe
enginedoesnotexceedthesafe-vibratory-stresslevel,thereisno dan-
geroffatiguefailureofanydamagedblade,regardlessofthelocation
ofthedamage.

●

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June19,1958
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